Plasma membranes of several cell types contain specialized microdomains (or lipid rafts) enriched in sphingolipids, cholesterol, sphingomyelin, and glycosyl-phosphatidylinositol-anchored proteins. These membrane domains are characterized by detergent insolubility at low temperatures and low buoyant density. Human CD38 is the prototype of a gene family encoding surface molecules endowed with multiple functional activities. The endocytosis of the human CD38 molecule has been investigated in normal lymphocytes and in a number ofleukemia-and lymphoma-derived celllines demonstrating that internalization after CD38 ligation is a reproducible event involving only a fraction of the whole amount of the surface molecule. This study reports the results obtained by conventional,confocal, and electron microscopy on the effects induced by the engagement of the molecule with agonistic mAb, reproducing the signals mediated by its natural ligand. The results demonstrate that the endocytosis induced as consequence of CD38 ligation is preceded by a thorough rearrangement of the cell surface with formation of glycosphingolipid-and cholesterol-rich plasma membrane microdomains. These data suggest that specialized raft microdomains might be the plasma membrane structure through which CD38 translocates at intracellular level. The CD38/lipid interactions during the coated pit formation trigger a process that generate membrane curvature, considered as the first step of CD38 endocytosis. Moreover, ultrastructural studies show that early CD38+ endosomes are pleiomorphic and contain cisternal and vesicular regions. Late endosomes exhibit a complex organisation, containing uncoupled CD38-ligand multivesicular-or multilamellarregions.
Plasma membranes of several cell types contain specialized microdomains (or lipid rafts) enriched in sphingolipids, cholesterol, sphingomyelin, and glycosyl-phosphatidylinositol-anchored proteins. These membrane domains are characterized by detergent insolubility at low temperatures and low buoyant density. Human CD38 is the prototype of a gene family encoding surface molecules endowed with multiple functional activities. The endocytosis of the human CD38 molecule has been investigated in normal lymphocytes and in a number ofleukemia-and lymphoma-derived celllines demonstrating that internalization after CD38 ligation is a reproducible event involving only a fraction of the whole amount of the surface molecule. This study reports the results obtained by conventional,confocal, and electron microscopy on the effects induced by the engagement of the molecule with agonistic mAb, reproducing the signals mediated by its natural ligand. The results demonstrate that the endocytosis induced as consequence of CD38 ligation is preceded by a thorough rearrangement of the cell surface with formation of glycosphingolipid-and cholesterol-rich plasma membrane microdomains. These data suggest that specialized raft microdomains might be the plasma membrane structure through which CD38 translocates at intracellular level. The CD38/lipid interactions during the coated pit formation trigger a process that generate membrane curvature, considered as the first step of CD38 endocytosis. Moreover, ultrastructural studies show that early CD38+ endosomes are pleiomorphic and contain cisternal and vesicular regions. Late endosomes exhibit a complex organisation, containing uncoupled CD38-ligand multivesicular-or multilamellarregions.
CD38 is a type II transmembrane glycoprotein with a very short cytoplasmic domain widely used as a marker to study T and B-Iymphocytes activation and differentiation (1-2). CD38 is an ectoenzyme ruling the transformation of NAD+ in cADPR and ADPR, the former acting as a modulator of [Ca"]. through a pathway independent from IP3 (3). The different expression of CD38 in discrete differentiation steps is believed to witness important receptional and regulatory functions exerted by the molecule on activation, proliferation and cytokine release in T, Band NK cells (4) (5) (6) . The interactions between CD38 and CD31, the only ligand so far identified, is mimicked in vitro by agonistic mAbs, which trigger a complex transmembrane signalling, potentially leading to activation, differentiation or apoptosis (2, (7) (8) (9) . The signals mediated by CD38 are independent of its enzymatic activities and believed as thoroughly dependent on lateral associations with professional signal transducing molecules, which vary according to cell types (10) . Indeed, CD38 was reported to form structural aggregates and functional signalling synergies with TCRlCD3 complex in T lymphocytes, with BCR/CD 19 in B lymphocytes and with CD 16 in NK cells (11) (12) . Likely, CD38 functions are finely tuned as a result of the ratio among the different forms of the molecule (i.e., transmembrane, vs. intracellular, vs. extracellular soluble). The definition of the regulatory processes controlling CD38 surface expression, internalization and shedding, on one hand, and the identification of other surface receptors physically and functionally related to CD38, are key issues in the elucidation of the functions exerted in vivo by the molecule. Assembly of transport vesicles is often preceded by the formation of domains within the membrane consisting of specific lipids and proteins. Instead, the assembly of such domains, in terms of concentration, organization and curvature, requires a dynamic and active involvement of lipids, i.e. a carefully controlled flow and sorting of lipids. Recent advances in membrane biology lead to the identification of glycosphingolipid-and cholesterolrich plasma membrane microdomains (for short, lipid rafts) (13) (14) (15) . These microdomains retain substantial lateral and rotational mobility, such that rafts are viewed as moving platforms of highly ordered molecules ruling signal transduction and membrane trafficking. Lipid rafts can be isolated based on their insolubility in Triton X-I 00 detergent and buoyant density on sucrose gradients. While the lipid composition of domains is surprisingly simple, the variety of proteins that has been detected within domains is surprisingly wide. As a matter of fact, several proteins have been identified as residents of these lipid microdomains, including caveolin, GPI-linked membrane proteins, the highaffinity IgE receptor and the B cell integral membrane protein CD20 (16) (17) (18) . In addition, several molecules involved in CD38 signalling have been shown to be associated with lipid rafts (19) (20) . CD38 is a progression marker in HIV -1 infection, it displays lateral association with CD4, and downmodulates gpl20/CD4 binding (21) . Moreover, the level of CD38 on CD8+ is strongly correlates with disease progression in HIV-infected individuals (22) and permissive molecules that favour HIV-l infection, such as CD44 and CD28, are found in and mediate reorganization of lipid rafts in living cells showing a new role of rafts in viral infection (23) . Since, many receptors undergo rapid internalization after interaction with a ligand, forming a receptor-ligand complex and sphyngolipid-cholesterol rafts are involved in transporting proteins in the endocytic pathways, the aim of this work is to provide a morphological map of the endocytotic pathway of CD38-rich sphingolipid microdomains.
MATERIALS AND METHODS

Cell cultures
RPMI-8402 (pre-T cell leukemia) cells, which constitutively express CD38 (24), were cultured in RPMI 1640 medium supplemented with 10% FCS and antibiotics at a concentration never exceeding 0.5 x 10 6 cells/m!. All culture materials were from Sigma Italia, Milan, Italy. Peripheral blood mononuclear cells (PBMC) obtained from blood donors were purified by Ficoll-Hypaque gradient (Pharmacia, Uppsala, Sweden) and immediately processed for morphological studies as control cells.
Antibodies and reagents
The experiments for confocal microscopy were performed with phycoerythrin (PE) conjugated affinitypurified anti-CD38 IB4 IgG Z a (25) and AT-I (IgG 1 ) (26) mAbs as primary antibody. To monitor raft organization in the CD38 endocytosis, selected internalization experiments were done in the presence of fluorescein isothiocyanate (FITC)-Iabelled cholera toxin B subunit (Sigma Italia, Milan, Italy), which identifies a GM 1 ganglioside complex. For ultrastructural study the experiments were performed with unlabelled affinity-purified anti-CD38 IB4 and AT-I mAbs as primary antibody and a peroxidase-labelled goat antimouse IgG (GaMIgG-perox), (Sigma Italia, Milan, Italy), as secondary antibody.
Immunocytochemical studies
Light microscopy analysis (data not shown) was carried out as control for successive electron microscope analysis. The method used is the same as previously described (27 -28) and no difference is observed between the results obtained by light or electron microscope observations. Controls for the specificity of the immunoreactivity at light and electron microscopy level were carried out omitting either the primary or secondary antibody.
Confocal microscopy
Confocal microscopy studies were performed on 2 x l O" cells incubated, at 4°C for 30 min, in RPMI 1640 medium with saturating amounts of relevant PE-mAb and cholera toxin FITC-labelled, washed twice with RPM I 1640 medium and immediately incubated for different time intervals at 37°C. The cells were then briefly rinsed with PBS-O.l % BSA at 4°C and fixed at the same temperature for 15 m in PBS containing 2% paraformaldehyde. All samples were then washed 3 times in Tris HCl buffer and resuspended in mounting medium consisting of 50% glycerol in PBS. This medium preserves the three-dimensional cellular organization (29) . The images were collected using a Bio-Rad MRC-1024 ES confocal system (Bio-Rad Microscience Ltd, Hemel Hempstead, UK) connected to an inverted Zeiss Axiovert 100 microscope equipped with 63x/ 1.25PLAN NEOFLUAR oil immersion objective. Images were sampled using a Kalman filter (N=3) and processed using LaserSharp 2000 software (Bio-Rad).
Electron microscopy
The cell surface distribution and intracellular movement of membrane CD38 were investigated at ultrastructural level. Briefly, growing 10 7 cells were incubated withanti-CD38 mAb (AT-I, 5 ug/ml) for 30 min at 4°C. The samples were then washed in warm culture medium and treated with peroxidase-conjugated G"MIgG for 20 m at 4°C. The cells were washed and left at 37°C in standard culture conditions up to 2 h. Samples were recovered at different culture times, washed twice with PBS and fixed for 20 m at 4°C with PBS containing 2% paraformaldehyde, 0.5% glutaraldehyde, and 2% sucrose. Samples were then incubated with a substrate for peroxidase detection (0.05 mg/ml diaminobenzidine in 0.05 M Tris-HCl buffer, pH 7.6, containing 0.015% HP2) for 10 m at room temperature, postfixed with 1% OsO4 for 1 h, dehydrated, and embedded in Spurr's medium (Polyscience, Warrington, PA, USA). Thin sections lightly counterstained with lead citrate were then observed with a Philips SlOO transmission electron microscope.
Cell morphology was analysed fixing the cells with 1.25% glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.6, for 1 h at 4°C and then processed for ultrastructural analyses according to standard electron microscope procedures.
RESULTS
Previous reports demonstrate that internalization is a reproducible phenomenon implemented by engagement of the molecule; it occurs minutes after receptor binding, with progressive increase in time. Moreover, previous data suggest that CD38 internalization is a physiologic event, taking place on normal (e.g., peripheral blood lymphocytes) and neoplastic cells constitutively expressing CD38 (28) .
Confocal microscopy analysis
Expression of cell surface CD38, its localization in lipid microdomains and successive endocytosis were investigated by confocal laser scanning microscopy, as reported in figure 1. This method enabled us to distinguish between fluorescent signals deriving from plasma membrane and those from cytoplasm, making it possible to track the intracellular movements of the CD38 molecules. RPMI-8402 cells maintained at 4°C (section A) are homogeneously stained by anti-CD38 mAb directly labelled with PE and FITC-cholera toxin on the entire plasma membrane surface. A few minutes of incubation in medium at 37°C were followed by a patching of the fluorochromes consequently of the two molecules (section B). After 30 m, the fluorescence, detectable as roundish double positive bodies, was apparently transferred (at least partially) to the cytoplasmic compartments. The intracellular movements are directly linked to the incubation time. Indeed, a variety of fluorescent complexes assembled throughout the endocytosis were observed within the first hour. Small bright double FITC and PE fluorescent positive vesicles (bonafide, the early endosomes) were localized at the membrane level (section C). The vesicles then moved to perinuclear area as late endosomes becoming in a stained different manner. The presence of FITC++ and PP-reactivities (section D) confirms the down-regulation of the binding between CD38 and PE-mAb. After 2 h at 37°C, the vesicles were prevalently green-stained, confirming the absence of PE+ complexes (section E). Hereinafter, the vesicles recycled to the cell surface and merged with the cytoplasmic membrane, after 3 h (section F).
Electron microscopy analysis
Tracking of CD3 8 molecule after mAb binding was followed at ultrastructural levels by means of transmission electron microscopy (Fig. 2) . In control cells (section A), CD38 is uniformly expressed at high epitope density on the membrane without 
arrows), several FITC++jPPvesicles are noticeable as result of disengagement CD38-ligand complexes (thin arrows). Section E shows the presence, after 2 h of incubation, of green-stained vesicles moving to cell surface (arrows). Lastly these recycling vesicles merge with pasma membrane (section F). The inserts in section A report the single fluorescent channel in 4°C observed cell. Magnification 2500x.
evidence of pecuiiarclustering areas (section B). This condition persists as long as the samples are maintained at 4°C under the conventional culture conditions. The translocation of the CD38 molecule was monitored after AT-I mAb binding at 37°C, selected because of its ability to mimic the interactions taking place with the natural ligand. The dynamics of cellular movements were followed step-by-step using the mAb. The results indicate that the CD38 molecule is internalised after mAb ligation as observed by confocal microscopy (fig.  I, section B) . Indeed, the CD38 cross-linking induces its rapid aggregation in specialized regions of the membrane, morphologically similar to coated pits (section C). Successively, the coated pits pinch to form coated endocytic vesicles containing the CD38/mAb complexes, which migrate to the cytoplasmic compartment as early endosome (section D). The invagination of the limiting membrane of the sorting endosomes provokes a downregulation of cell surface CD38. Subsequently, early endosomes move to perinuclear area and modify their structural characteristic as multivesicular body (MVBs). As previously described, these organelles consist in a limiting membrane enclosing several internal vesicles containing endocytosed molecules (30) . Figure 3 shows the tracking of the CD38 +MVBs, suggests that multi vesicular elements of late endosomes contain a complex system of internal membranes that are involved in both degradation and recycling of CD38. Section A and B show different shaped MVBs, where several CD38+ vesicles or lamelles inside the body are clearly apparent. This evidence suggests that the intraluminal bodies ofMVBs are formed through invagination and pinching-off of the endosome limiting membrane. Section C displays a late MVB with the typical shape of CURL vesicles, whereas stained complexes are reversed in the cytoplasmic compartment. At the end of internalization process, the vesicles emerge as bodies without detectable evidence of theCD38/ mAb complexes (section D). Control experiments done with irrelevant isotype-matched murine mAb did not induce any of the morphologic variations described above (data not shown).
DISCUSSION
Recent knowledge in lipid trafficking have significantly increased the understanding of fundamental molecular rules controlling intracellular transports and identified the connecting keys among the different compartments. Lipids are reported as segregating into small domains of the cell membranes: such peculiar structures facilitate the associations and the transport of peptides and of selected proteins through membranes (31) . These lipid-mediated protein-targeting mechanisms are not restricted to canonical signalling processes; they also playa key role in membrane trafficking and in anchoring cytoskeletal structures (32) . For instance, GSL-sphyngomyelin-cholesterol-enriched membranes, better known now as rafts, are characterized by detergent insolubility at low temperatures and low buoyant density, are fundamental in the lateral organization of the plasma membrane (33) . In addition, biochemical information about lipid asymmetry of the plasma membrane indicates that both sphingomyelin and GSLs are localized within the exoplasmic leaflet of the bilayer. The hypothesized function is that they are privileged sites, where receptors and proximal signalling molecules optimally interact. Plasma membranes of different cell types, including T lymphocytes, contain these specialized microdomains. Previous reports indicate that i) mAb-mediated CD38 ligation (for short, mAbmediated anti CD38) is followed by endocytosis (28) and ii) specific processing of the CD38 complex (19) . iii) This pathway brings CD38 to be associated to lipid rafts in T lymphocytes (20) . However, little is known about the protein organization of rafts containing CD38 and whether specific interactions exist between CD38 and known raftassociated signalling proteins. By using specific antibodies, we analyzed the internalization pathway of CD38, showing that CD38/mAb complexes initially cluster in specialized regions of the cell membrane morphologically similar to coated pits. Second step is a progressive internalization in the intracellular compartments in coated vesicles and lastly in early CD38+ endosomes. These results are in accord with others, which proposed that endosomes, containing lipid rafts which accumulate certain specific membrane proteins, are implicated in sorting, transport, signalling, and infection (34) (35) (36) . Extending the incubation, early endosomes move inside the cell to the juxtanuclear area undergoing the membrane segregation that is crucial for their function. Regions of their limiting membrane invaginate to form internal vesicles and the resulting compartment is known, upon their morphological appearance in the transmission electron microscope, as the multivesicular body (MVB) that contains different numbers of CD38/ mAb complexes. MVBs are then formed from sorting (early) endosomes and thus contain CD38ligand molecules that have been internalised through endocytosis. The biogenesis of MVBs is poorly understood and has been reported that lumenal membrane found in MVB s have a different protein composition from the limiting membrane and accumulation of receptor-ligand complexes onto lumenal vesicles is necessary for correct targeting to late endocytic compartments and/or lysosomes for degradation. As demonstrated (30) (31) in eukaryotic cells, early MVBs mature into late MVBs, which ultimately fuse with lysosomes provoking the processing of endocytosed molecules that in our case is the CD38/1igand complex. Late MVBs are of crucial importance to the intracellular traffic of internalised molecules, as they form the intermediate organelle of receptor-mediated endocytosis. At the terminal stage of the internalisation processes, the proteins remaining on the limiting membrane of the MVB are recycled back to the plasma membrane. Our results provide the evidence of the sorting of CD38 complexes into topologically distinct limiting and intraluminal membranes. The compartmentalization might be instrumental for different functions. First, transmembrane proteins in the intraluminal membrane will be susceptible to degradation by lysosomal hydrolases, whereas proteins in the limiting membrane are resistant because they only expose their protease-resistant luminal region. Second, intraluminal vesicles might represent storage compartments for transmembrane proteins that are released from the cell in regulated manner. Third, receptor signalling is possible from limiting membranes ofMVBs, but not from the membranes of intraluminal vesicles. This means that sorting into MVBs can determine both the delivery of transmembrane proteins to lysosomes and the extracellular space, and also the ability of endocytosed receptors to transmit signals. Finally, in accordance with recent perspectives (36) (37) (38) (39) (40) showing the importance of endocytic processes in regulating the activity and distribution of receptormediate signals we demonstrated that CD38 cell surface signalling is down-regulated by endocytosis but, persisting at MVBs level, might have a positive role in the intracellular signalling.
